The Atomic Force Microscope (AFM) allows one to examine the effects of applying highly localized stress to a surface. In the presence of solutions, tribochemical wear can be investigated. We present results of fundamental studies of the simultaneous application of chemical agents and mechanical stress involving a model single asperity and a solid surface. We show the consequences of combining highly localized mechanical stress (due to contact with the AFM tip) and exposure to aqueous solutions of known pH. The experiment simulates many features of a single particlesubstrate-slurry interaction in CMP. We show that linear scans and rastered scans display significantly different material removal rates. Quantitative models are presented to explain the observed nanometer-scale surface modifications. This work complements recent observations of tip-induced wear and growth in a number of inorganic surfaces in aqueous solution.
INTRODUCTION
The wear of silicate glasses and films plays an important role in several important industrial processes, including the polishing of optics, the planarization of oxidized silicon, and in the machining of ceramics. In many cases, our understanding of the mechanisms of material removal is largely empirical. Nevertheless, it is clear that material removal often involves chemical as well as mechanical stimuli.
At high contact forces, wear can be induced by the tip of an AFM. Under these conditions, the AFM serves as an especially simple wear system involving a single asperity translated across a well-characterized surface. In recent work, we have characterized the wear of silicon nitride tips on silicate glass surfaces in aqueous solution [1] . In this work, we monitor the wear of the glass substrate in basic solution. As one might expect, the wear of the AFM tip plays affects the wear of the underlying substrate. An understanding of nanometer-scale wear must incorporate the mutual removal of material from asperity and substrate. Figure 1 shows a vertical deflection image of a polished, sodium trisilicate glass surface in ammonium hydroxide solution (pH ~ 11), where the inner 600 x 600 µm 2 square was smoothed by ten raster scans at a contact force of 200 nN. Deflection images often reveal small surface structures that are obscured in topographic images.
RESULTS
The root-mean-square roughness of the diamond polished glass (outside the central smooth area) was typically 1.9 ± 0.6 nm. Small area AFM scanning typically reduces the RMS roughness of the surface to 0.25 ± 0.1 nm, about twice the minimum surface roughness of this material due to its atomic structure [1] . During square raster scanning, the shape of the etch pit remains constant, while the shape of the AFM tip evolves constantly. We have shown that, under these conditions the area of tip substrate contact is roughly proportion to time [2] . 
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As noted below, the wear rate drops with time due to this increase in tip area.
Wear measurements during linear scanning are complicated by imaging issues. Since the width of the wear track is often comparable to the tip dimensions, wear track profiles can appear to be narrower than they really are. Figure  2 shows track and tip profiles across the thin dimension of the wear track, perpendicular to the direction of linear scanning. To compensate for tip size effects, the wear track profiles were manually deconvoluted using the tip profile shown. In many experiments, as in Fig. 2(a) tip wear during linear scanning is asymmetric. The small contact areas in these cases yield high stresses (here about 150 MPa) and high local wear rates. In contrast, the more conformal contact in Fig. 2(b) is associated with a high contact area and relatively low stresses, here about 25 MPa. The large difference between these stresses can strongly affect the course of wear. During linear scanning, the area of tip-substrate contact depends critically on substrate wear, in addition to tip wear. A sequence of wear depth measurements as a function of the number of 500 nm linear scans appears in Fig. 3(a) , and as a function of the number of 1000 x 1000 nm 2 scans in Fig. 3(b) . Each individual depth measurement was made with a new tip; the points with error bars indicate averages of two or more measurements. Both wear rates vary approximately with the square root of the number of scans, but wear is much faster for linear scans. Significantly, wear for linear scans is a linear function of force applied to the tip, while wear for square raster scans varies roughly with the square root of applied force. Models accounting for these results suggest that the local stress is controlled by tip wear during square raster scanning and by substrate wear during linear scanning. 
CONCLUSIONS
The wear of sodium trisilicate glass by commercial silicon nitride AFM tips in basic solution gradually slows during prolonged linear and square scanning. Observations of tip and substrate wear suggest that the tip contact area and stress are principally controlled by substrate wear during linear scanning and by tip wear during square scanning. Characterizing the AFM tip before and after wear allows one to incorporate the evolution of the shape of the asperity into microscopic models of substrate wear. This can provide critical tests of models of single asperity wear and improve our understanding of polishing and micromachining processes
